Summary: The effect of "{-hydroxybutyrate (GHB) on the reactivity of pial arteries to local metabolic factors was tested in chloralose-anesthetized cats before or after a pe riod of transient ischemia induced by air embolism. The vascular reactions were determined during the perivas cular microapplication of artificial CSFs with in creasing concentrations of adenosine (10-11_ 10-3 M), H + (pH 5.1-7. 6), or K + (0-JO mM). During nonischemic conditions the pial arterial reactivity to adenosine and H+, but not to K +, was significantly increased by GHB (250 mg/kg i. v. ) when compared with the control reac tivity. After cerebral ischemia the reactivity to adenosine was abolished with and without the administration of GHB prior to air embolism. The reactivity to K + was 'Y-Hydroxybutyrate (GHB) is a naturally occur ring cerebral metabolite (Roth and Giarman, 1970; Walters and Roth, 1977) with an unknown physio logical role. Although the conversion of GHB to 'Y aminobutyrate appears to be possible (Vayer et aI., 1985), the relevance of this step is a matter of dis pute. There is also evidence that GHB fulfills the criteria of a neurotransmitter or -modulator (Hasli and Hasli, 1983; Maitre and Mandel, 1984) . The ex ogenous administration of GHB induces a depres sion of consciousness that is reflected by charac teristic changes in the EEG resembling a state of nonconvulsant epilepsy (Winters and Spooner, 1965; Snead et at., 1976) . During the action of GHB, the cerebral glucose utilization is markedly reduced in the awake rat (Kuschinsky et aI., 1985). Address correspondence and reprint requests to Prof. Dr. w.
partly preserved but not increased by GHB when com pared with previous results without GHB. In contrast GHB improved the postischemic reactivity to perivas cular H+ that had been found to be abolished in previous experiments without GHB. The perivascular microappli cation of GHB showed no influence of GHB on the vas cular diameter. An important finding of the present study is the demonstration of an increase in cerebrovascular re activity, which may give scope for therapeutic improve ment of the regulation of CBF in pathophysiological conditions. Key Words: Cerebral ischemia-,,{-Hydroxy butyrate -Metabolic factors -Microapplication tech nique-Protection-Vasoreactivity.
by pharmacological doses of GHB might be ex plained by an altered reactivity of the cerebral vessels to local metabolic factors. If such an effect also exists at physiological concentrations of GHB, a physiological role of GHB could be to modulate the cerebrovascular reactivity to metabolic stimuli.
To test the possibilities of a physiological or phar macological action of GHB on the vascular reac tivity, the responsiveness of pial arteries to adeno sine, H +, and K + was determined during the action of GHB. These three substances play a major role in the local regulation of CBF under physiological conditions (Kuschinsky, 1982-83) .
After ischemia the regulatory influence of meta bolic factors on CBF is less conclusive, as experi mental and clinical studies have shown a postisch emic impairment of the cerebrovascular CO2-reac tivity and autoregulation, which was interpreted as a consequence of a postischemic vasoparalysis (Paulson et al., 1970; Hossmann et al., 1973; Ne moto et al., 1975; Hartmann et al., 1981) . In accor dance with the postischemic disturbance of the ce rebrovascular CO2 reactivity, a previous study has demonstrated an abolition of the reactivity of pial arteries to H+ (Haller and Kuschinsky, 1981) .
However, the same study has shown an essentially preserved vascular responsiveness to K + after ce rebral ischemia. This dissociated impairment of the postischemic vascular reactions to H+ and K + in dicates that the "vasoparalysis" after cerebral isch emia is not a general phenomenon and emphasizes the need for a differentiated approach to studying the postischemic regulation of CBF. Therefore, the postischemic vasoreactivity to adenosine was studied in addition to the earlier investigations on the reactivity to H + and K + , since adenosine is re leased from the ischemic brain (Berne et aI., 1974; Winn et aI., 1979) and has a dilating effect on cere bral vessels under nonischemic conditions (Wahl and Kuschinsky, 1976; Gregory et aI., 1980) .
The reactivity of pial arteries to adenosine was tested before and after cerebral air embolism, which induces a transient ischemia of the brain fol lowed by a postischemic hyperemia (Fritz and Hossmann, 1979; Haller and Kuschinsky, 1981) .
Apart from the similarity to transient ischemic at tacks and strokes in humans, this experimental model of cerebral ischemia has a direct clinical counterpart, as cerebral air embolism has been re ported as an iatrogenic complication (Ward et aI., 1971; Clayton et aI., 1985) and as a hazard of deep sea diving (Menkin and Schwartzman, 1977) . The same model of cerebral ischemia was also used to study whether GHB altered the postischemic va soreactivity to adenosine, H+, and K +. A protec tive effect of GHB has been reported in experi mental cerebral ischemia (Fleming and LaCourt, 1965; Spatz et aI., 1980) and in comatose patients with head injuries (Escuret et aI., 1979) . Therefore, it was tested in the present study to see if a cerebral protection by GHB could be explained by an im proved postischemic vasoreactivity.
METHODS

Preparation and procedures
Tw enty-five adult cats (2-5 kg) of either sex were anes thetized with chloralose (40-50 mg/kg i. v.). After mus cular paralysis with pancuronium bromide (0. 2 mg/kg i. v., repeated as necessary), the animals were artificially ventilated (Mark 7; Bird) through a tracheostomy tube. The end-tidal CO2 concentration was continuously mea sured with an infrared gas analyzer (Uras 3; Hartmann and Braun) and maintained between 4 and 5 ml COilOO ml expired gas. The body temperature of the animals was kept between 37 and 38°C.
The arterial blood pressure was recorded from a cath eter placed in a femoral artery; arterial pH, Pe02, and P02 were measured with microelectrodes (Radiometer). The adjacent femoral vein was cannulated for the continuous infusion of Tyrode's solution (2.5 mllkg) and the adminis tration of drugs.
For the induction of cerebral ischemia by arterial air embolism, a catheter was placed into the right axillary artery and advanced into the innominate artery. The cor rect position of the catheter tip in the innominate artery just proximal to the origin of both carotid arteries was verified by thoracotomy after each experiment. Following the fixation of the animal's head in a stereo tactic frame, the skull bone was exposed through a longi tudinal midline incision and the scalp was stitched to a metal ring, thus creating a trough. Two screw electrodes were driven into the frontal bone to allow the recording of the EEG with a polygraph (MC 6715; Watanabe) after appropriate pre amplification (type 122 preamplifier; Te k tronics).
Then a craniotomy of � 1.5 x 3 cm was made over parts of the right suprasylvian/ectosylvian gyri. Immedi ately afterward the trough was filled with prewarmed par affin oil (3TC), thus covering the brain with a thick layer of oil (> 1 cm). Only then was the dura carefully removed without touching the cerebral cortex.
To test the pial arterial reactivity to adenosine, H+, or K + , a few microliters of artificial CSF were injected into the perivascular space of single pial arteries through mi cropipets with sharpened tips (outer diameter 8-10 fLm).
The artificial CSFs had the following compositions: (a) For tests of the pial arterial reactivity to adenosine (mM): Na+ 156, K+ 3, Ca 2 + 1.5, HC0 3 -15, and CI-147.
Adenosine was dissolved in this artificial CSF to yield concentrations of 10-11, 10-9, 10-8, 10-7, 10-6, 10-5, and 10-3 M. The osmolarity of the artificial CSFs measured with a vapor pressure osmometer (5 100 C; Wescor), was 304 mOsmollL. All solutions were freshly prepared and bub bled at 38°C with a mixture of 95% N z and 5% CO z equili brated with water and stored under oil.
The cortical surface was observed through a Wild Heerbrugg stereo-zoom microscope (Leitz) at a magnifi cation of x 50 and displayed on a video monitor (PVM 9ICE; Sony) by a video camera (WV 1550; Panasonic) mounted on the microscope. Before as well as 20 and 40 s after starting the microapplications of the artificial CSFs, images of the pial arteries at the injection site were re corded on tape using a video recorder (VO-5630; Sony) to document the changes of pial arterial diameter during the microapplications. The vascular diameter was measured off-line with an image-shearing device (model 907; In strumentation for Physiology and Medicine, San Diego, CA, U.S.A.). The pial arterial reactions were expressed as percentage changes of the vascular diameter during the microapplications (mean of the measurements at 20 and 40 s) when compared with the initial diameter of each vessel prior to any perivascular injections. The pial arte rial reactivity was defined as the slope of the resulting concentration -response curves.
Experimental design
In each animal three to five pial arteries (diameters be-tween 30 and 300 fLm) were selected for tests of their re activity. The tests of the vascular reactions to adenosine were preceded by microapplication of the artificial CSFs containing 0 and 30 mM HC0 3 -to verify the general ability of the examined vessels to dilate and constrict in response to perivascular stimuli. The minimal variations of the vascular diameter during the microapplication of the solvent (K + 3 mM, HC0 3 -15 mM) were subtracted from the subsequent reactions to adenosine.
Adenosine reactivity before and after air embolism
The reactivity of pial arteries to adenosine was tested in four cats before and after cerebral ischemia. Ischemia was induced by arterial air embolism according to the method described by Fritz and Hossmann (1979) . Autolo gous blood foam (0.6 m!) was injected into the innominate artery to induce bilateral cerebral air embolism. Occlu sion of the exposed pial arteries by air was obvious by their "empty" appearance. Air embolism invariably af fected all visible pial arteries; the veins always remained filled with blood. The reperfusion of the occluded arteries started spontaneously within a few minutes after air em bolism and was accompanied by a pronounced dilatation (up to 200%) of the exposed vessels and reddening of the cerebral venous blood as signs of the postischemic hy peremia. Immediately upon the completion of reperfu sion of all observed vessels (17 ± 10 min after air embo lism; mean ± SD), the tests of the vascular reactivity were repeated at the same injection sites with the iden tical solutions. This experimental design allowed the di rect comparison of the pre-and postischemic vascular re activity to adenosine.
GHB experiments
Microapplications of GHB. Since GHB crosses the blood-brain barrier (Snead et aI., 1976) , it was studied in three cats whether this substance has a direct effect on pial arterial diameter. For this purpose GHB was dis solved in the same artificial CSF that served as a solvent for adenosine (3 mM K +, 15 mM H C0 3 -) and injected into the perivascular space of pial arteries in concentra tions between 10-11 and 10-3 M. The small and variable changes of the arterial diameter induced by the microap plication of the pure solvent were subtracted from the changes during the microapplications of GHB.
Pre-and postischemic reactivity after GHB. The effect of GHB on the reactivity of pial arteries to adenosine (five cats), H+ (nine cats), and K + (four cats) was also tested. In each animal of this series, the microapplica tions were carried out in three successive stages: (a) under normal experimental (control) conditions, (b) after the administration of GHB, and (c) after ischemia during the action of GHB. Thus, the reactivity of each pial ar tery during the different experimental stages could be compared with its own control reactivity under normal experimental conditions. GHB (250 mg/kg, Na salt, MW 126.1; Sigma) was in fused into the femoral vein as aiM solution over a pe riod of 10 min. During this time as well as during the tol lowing experimental period, the EEG was monitored. As soon as the characteristic changes in the EEG had been verified, the vascular reactions to adenosine, H + , or K + were tested during the action of GHB.
In the third stage of the experiments, air embolism was induced. Immediately after the reperfusion of all vessels, tests of the postischemic vasoreactivity during the action of GHB were undertaken.
Statistics All values are presented as means ± SEM. The con centration-response curves were analyzed using multi variate analysis of variance with mixed effects. The com putations were based on the toll owing additive models.
For comparisons of the slopes of the concentration response curves for adenosine, H + , and K +:
Y is the vascular diameter (dependent variable); fL is the grand mean over all diameters; a is the animal effect (i = cat no.); b is the pial artery effect (j = pial artery no.); c is the treatment effect (k = treatment no.); D is the concentration effect (8 being the regression coef ficient and I being the concentration no.), with the con centration of the tested substances in the injection fluids being treated as a covariate (adenosine and H+, log con centrations; K +, numerical concentrations); (cD) is the interaction of treatmentk • concentration/, and E i j.k./ is the error term of all effects.
In this model the animal effect a was regarded as random; all other effects were considered fixed. The treatment effect c represented the different stages of the experiments. Thus, there were two treatment effects in the tests of the pial arterial reactivity to adenosine without GHB, i.e., before and after air embolism. In the GHB experiments the treatment effect had three levels, i.e., control, GHB, and air embolism after GHB.
For comparisons of the slopes at the different levels, the Bonferroni correction was applied. This correction was chosen to safeguard an experiment-wise a-level, as in each case there were only up to three comparisons of interest.
For comparisons of the vascular responses to the dif ferent injection fluids. essentially the same additive mixed model was used except that the concentrations D were treated as factors instead of covariates and no treat ment effect entered the model.
Standard statistical tests for the analysis of variance were employed (F test). The error sums of squares wcre determined according to the appropriate mixed-effect model. When mUltiple comparisons were made, the ap propriate Scheffe's method of multiple comparisons was used to ensure an a-level for the analysis of the concen tration-response curves. For most computations the pro gram MANOVA of the SPSSx package (Nie et aI., 1983) was used. A level of p < 0.05 was accepted as significant.
RESULTS
Adenosine reactivity before and after air embolism
The reactivity of pial arteries to adenosine was tested before and after air embolism. Arterial blood pressure, pH, Peo2, and P02 were not altered by air embolism, as presented in Ta ble 1. GHB experiments Microapplication ofGHB. Figure 2 shows the re sults of the perivascular microapplication of GHB.
It is evident that GHB does not alter the diameter of pial arteries. This finding excludes a direct influ ence of GHB on cerebrovascular smooth muscle tone. The arterial blood gases and the blood pres sure during these experiments were normal. 
Peo2
• and P02 during the three different stages of the experiments. During the action of GHB, the blood pressure was slightly decreased; ischemia had no effect on the blood pressure.
The cerebral effect of GHB was indicated by characteristic changes in the EEG (Fig. 3) . Similar to the experiments without GHB, the reac tivity of pial arteries to adenosine was abolished after ischemia (Fig. 4) . The postischemic reactivity to K + (Fig. 5, right) was preserved though signifi cantly reduced. Earlier experiments without GHB had shown a similar reduction of the reactivity to K + after air embolism (Haller and Kuschinsky, 1981) . , curve taken after air embolism following the prior adminis tration of GHB. Means ± SEM, n, number of examined pial arteries. Slope of the curve taken after GHB is significantly increased compared with the control curve. After ischemia the reactivity of pial arteries to adenosine is abolished.
H+ (Fig. 5, left) , which in a previous series of ex periments had been found to be abolished without GHB (Haller and Kuschinsky, 1981) , was only di minished, i.e., partly preserved after the adminis tration of GHB prior to ischemia. This was con firmed by statistical analysis of the data that showed a significant difference between the slopes of the postischemic concentration -response curves for H + with and without GHB. 
Effect of GHB during nonischemic conditions
The present experiments show that an enhance ment of the cerebrovascular reactivity to metabolic factors is feasible, as GHB increased the slope of the concentration-response curves for adenosine and H + in the nonischemic brain. This result may explain the recently described property of exoge nous GHB to reset the correlation between CBF and cerebral metabolism (Kuschinsky et aI., 1985) and also supports the hypothesis that endogenous (Haller and Kuschinsky, 1981) .
Neither can the abolition of the reactivity to adeno sine after air embolism be attributed to the post ischemic vasodilatation, since a hypoxic dilatation does not alter the reactions of pial arteries to aden osine (Haller and Kuschinsky, 1985) . Furthermore, the abolition of the vasoreactivity to H + and aden osine is not due to a complete loss of the contractile properties of the vascular smooth muscle cells, as pial arteries can still react to K + after air embolism (Haller and Kuschinsky, 1981) . Since evidently some regulatory mechanism of the cerebrovascular smooth muscle tone is still functional after isch emia, the disturbed vascular reactivity after isch emia could on principle be amenable to therapy.
Effect of GHB during postischemic hyperemia
An improved cerebral vasoreactivity could help to reestablish the normal coupling between cerebral metabolism and CBF and thus protect the ischemic brain by decreasing the risks of secondary cerebral edema and of steal phenomena. However, unlike the postischemic reactivity to H + , the postischemic reactivities to adenosine and K + were not im proved by the administration of GHB. Further more, the improved reactivity to H+ was not suffi cient to alter the duration of the ischemia or the extent of the postischemic vasodilatation.
Higher doses of GHB than the one given here have been shown to reduce the cerebral oxygen consumption (Artru et aI., 1980) and glucose utili zation (Kuschinsky et aI., 1985) . A depression of cerebral metabolism was demonstrated to induce a relative decrease of the cerebrovascular reactivity to changes in PaC02 (Fujishima et al. 1971; Grubb et a\., 1974) . This finding has led to the proposal that the cerebrovascular reactivity is determined by the level of cerebral metabolism. Therefore, according to this proposal, a decreased reactivity of cerebral vessels should be expected during a depression of cerebral metabolism by GHB. Supposing that GHB lowered the cerebral metabolism in the present ex periments, the finding of an increased cerebral va soreactivity to H + and adenosine during the action of GHB is not compatible with the concept of a di rect correlation between vasoreactivity and metab olism in the brain. Then the present findings would lead to the conclusion that this concept is not gen erally applicable.
In conclusion, the present results demonstrate for the first time that an increase of the cerebrovas cular reactivity to local metabolic factors is feasible in the nonischemic brain, as well as after cerebral ischemia. This finding could have therapeutic im plications as it indicates that the regulation of CBF is on principle accessible to pharmacological im provement.
